In a search for genes that modify iron homoeostasis, a gene (1300017J02Rik) was located immediately upstream of the murine TF (transferrin) gene. However, expression of the 1300017J02Rik gene product was not responsive to a number of modulators of iron metabolism. Specifically, expression was not altered in mouse models of iron disorders including mice with deficiencies in the haemochromatosis protein Hfe, the recombination-activating protein, Rag, β 2 -microglobulin, TF, ceruloplasmin or Hb, or in mice with microcytic anaemia. Additionally, neither lipopolysaccharide nor hypoxia treatment resulted in any significant changes in the 1300017J02Rik expression level. The genomic DNA sequence suggested that the 1300017J02Rik gene product might be a protein equivalent to the pICA {porcine ICA [inhibitor of CA (carbonic anhydrase)]}. The coding region for the murine 1300017J02Rik gene was placed into the pNUT expression vector. Transformed BHK cells (baby-hamster kidney cells) were transfected with this plasmid, resulting in secretion of recombinant mICA (murine ICA) into the tissue culture medium. Following purification to homogeneity, the yield of mICA from the BHK cells was found to be considerably greater (at least 4-fold) than the yield of pICA from a previously reported Pichia pastoris (yeast) expression system. MS showed that the recombinant mICA was a glycoprotein that associated with CA in a 1:1 stoichiometry. Despite its high sequence similarity to TF, titration experiments showed that mICA was unable to bind iron specifically. Although enzymatic assays revealed that mICA was able to inhibit CA, it is unclear if this is its sole or even its major function since, to date, humans and other primates appear to lack functional ICA. Lastly, we note that this member of the TF superfamily is a relatively recent addition resulting from a tandem duplication event. CA carries out the biologically critical function of reversible hydration of CO 2 to produce bicarbonate ions. Metabolic CO 2 is generated as a result of the breakdown of sugars and fats and must be excreted from the body. Although 20 % of CO 2 is bound to Hb and ∼ 10 % is dissolved directly in plasma, most of the CO 2 (∼ 70 %) is converted by CA into bicarbonate within RBCs. Upon reaching the lungs, CA catalyses the conversion of bicarbonate back into CO 2 , so that the CO 2 can be expelled. There are at least three classes of CA that are distinguished by their species of origin: α (mammals), β (plants) and γ (some bacteria). Interestingly, in spite of their identical function and requirement for a zinc atom, CA proteins from different species share little sequence or structural homology, implying that they evolved in a convergent manner. The α class comprises at least 11 isoforms [1] . Common to all of these isoforms is a zinc atom that co-ordinates a water molecule in the active site and breaks it down into a hydroxy group and a proton. The hydroxy group is transferred to CO 2 to form bicarbonate. When the reaction runs in reverse, CO 2 is regenerated. A specific histidine residue swings towards and away from the zinc in a cyclic manner [1] . In carrying out these reversible reactions, CA has roles in the regulation of pH and in fluid balance in a tissue-specific manner. Other examples of CA activity include participation in acidification of the gastric juice, alkylation of the pancreatic juice, and neutralization of the saliva. Renal failure and glaucoma can be caused by CA malfunctions in the kidney and eye respectively, leading to fluid build up. An autosomal recessive disorder that causes a deficiency in one of the CAII isoforms results in osteopetrosis, kidney acidosis, mental and growth retardation as well as calcification within the brain [2, 3] . Clearly, the activity of such an important and multifaceted enzyme as CA must be carefully regulated.
Nearly 10 years ago, the Fierke laboratory identified an ICA (inhibitor of CA) in the serum of pigs [pICA (porcine ICA)] [4] .
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Fierke and co-workers [5] subsequently suggested that this ICA binds to CA (isoforms I, II and III) that escapes into the plasma (from, for example, RBC lysis) and transports the CA to the liver for degradation (and recovery of the zinc atom) in a manner analogous to the haptoglobin-Hb system. Both ICA and haptoglobin are glycoproteins present at high concentrations (∼ 1 µM) in the plasma of some species. Furthermore, and perhaps not coincidentally, Hb and CA are the two most abundant proteins in RBCs. Curiously, although CA inhibitory activity has been found in the sera of rats, cats, sheep, dogs and rabbits [4] , it has never been detected in the sera of humans or monkeys or any avian species [4] [5] [6] .
Since pICA has 63 % sequence similarity to porcine serum TF (transferrin), it was proposed that it is a member of the growing TF superfamily of proteins. The founding member of the superfamily, serum TF, is synthesized in the liver and secreted into blood plasma where it circulates at a concentration of ∼ 35 µM. TF comprises two homologous lobes (designated the N-lobe and C-lobe) that function in the transport of iron. Each lobe of TF binds a single Fe(III) ion deep in a cleft formed by two subdomains; the iron is co-ordinated to two tyrosine residues, a histidine residue and an aspartic acid residue. Additionally, an arginine and a threonine residue stabilize a synergistic carbonate anion that is essential to high-affinity iron binding. Iron is acquired from the diet after transport across the gut and is delivered to cells following the binding of diferric TF to specific TFRs (TF receptors) on the cell surface [7] . The complex is then taken up by receptor-mediated endocytosis. Within the endosome (aided by a decrease in pH and the TFR), iron is released and the TF-TFR complex returns to the cell surface where the TF (lacking iron) dissociates to continue the cycle [8] . In spite of identical ligands, the two lobes of hTF (human TF) differ in their affinity for iron and in the effect of the TFR on the rate of iron release [9] [10] [11] [12] [13] . The binding sites of family members, oTF (ovotransferrin) and LTF (lactotransferrin), are also the same, although again the affinity for iron differs between individual lobes and between family members [14] . LTF serves as a powerful antimicrobial agent, tightly sequestering iron and withholding it from microbes which require it in order to replicate [15] . The family member oTF is present in avian serum to deliver iron and in hen's-egg white to sequester iron, thus carrying out two distinct roles in the same species [16] . In the past couple of decades, new family members have been identified with functions that are definitely unrelated to iron metabolism. For example, saxiphilin from the bullfrog tightly binds to and transports a neurotoxin called saxitonin [4, 16, 17] . Unfortunately, in spite of much research effort, the precise function(s) of family members ICA and mTF (melanotransferrin) has not been firmly established. As first identified on melanoma cells, mTF retains a single ironbinding site in the N-lobe [18] , is attached to the cell membrane by a glycosylphosphatidylinositol anchor and does not appear to play a significant role in iron transport [19] . Recent studies using mTF −/− mice, in combination with gene array analysis and posttranscriptional gene silencing, have allowed a more quantitative and thorough evaluation of both the distribution and role of mTF in mice [20 -22] (see the Discussion section).
In the present study, a search for genes that modify iron homoeostasis led to the identification of a gene immediately telomeric to the gene encoding TF on mouse chromosome 9. The translated sequence was consistent with its putative identification as the mouse equivalent of the pICA. As a result, the 1300017J02Rik gene product was tentatively named mICA (murine ICA). A polyclonal antibody to a 15-amino-acid peptide derived from the mICA sequence was generated and used to determine the mICA tissue distribution and sensitivity to modifiers of iron metabolism, including the mICA gene expression level in various transgenic mice. A hexahistidine-tagged version of the putative mICA was expressed in BHK cells (baby-hamster kidney cells) to allow direct assessment of its iron-binding properties and to evaluate its CA inhibitory activity. [23] . The anti-hTF antibody was obtained from Santa Cruz Biotechnology. Chemiluminescent reagent was from PerkinElmer or Amersham Biosciences. Centricon 30 microconcentrators, YM-30 ultrafiltration membranes and a spiral cartridge concentrator fitted with an S1Y10 cartridge were from Millipore/Amicon. All other chemicals and reagents were of analytical grade.
EXPERIMENTAL

Mouse models
C57BL/10J mice were originally purchased from the Jackson ImmunoResearch Laboratory and were housed and bred at the animal facility at the Children's Hospital Boston. All mice were maintained under institutionally approved protocols for humane treatment of animals.
, mk (microcytic anaemia) and hbd (Hb deficit) mice used in the present study have been described in detail previously [23] [24] [25] [26] [27] [28] . Experimental and control animals of the same age and same sex were used for each comparison.
Preparation of a polyclonal antibody and Western blotting
Rabbit antiserum was produced by Covance Research Products against a peptide (GALVAEADLPHHSLK) derived from the predicted mICA sequence (Table 1 ) and conjugated to KLH. Mouse tissues were harvested from 8-week-old male mice and immediately homogenized in CelLytic-MT mammalian tissue lysis buffer containing protease inhibitors. Loading buffer containing 5 mM dithiothreitol was added to the protein extracts and incubated at 37
• C for 30 min. Samples (50 µg of protein per well) were separated by SDS/PAGE. Similarly, serum was isolated from blood collected from 8-week-old male or female Table 1 Sequence alignment of the peptide from mICA to which the antibody was produced Conserved residues are shown in black and non-conserved residues in grey.
(a)
transgenic or wild-type mice and treated as described above for the tissue samples. Volumes equivalent to 0.2 µl of original serum were run on SDS/4-15 % PAGE, transferred on to nitrocellulose membranes and probed using either rabbit antiserum (diluted 1:2000) to the mouse peptide sequence or sheep antiserum to mouse TF (1:2000) . The blots were then treated with HRP conjugates of a secondary goat antibody to rabbit IgG (1:5000) or a donkey antibody to sheep IgG (1:10 000) and visualized by chemiluminescent detection. Enzymatic removal of glycosyl groups was performed by PNGase F (500 units/µl) or O-glycosidase (0.5 m-unit/µl) treatment of mouse serum according to the manufacturer's instructions. Briefly, 2 µl of glycosidase was added to mouse serum (1 µl in 100 µl of 50 mM NaPO 4 buffer, pH 7.5, containing 1 % Nonidet P40) and incubated overnight at 37 • C. A final sample equivalent to 0.25 µl of the original serum was loaded on to an SDS/PAGE gel prior to immunodetection as described above.
Immunoprecipitation
For analysis by MS, blood was obtained from C57BL/10J mice (6-9 weeks old). The serum was diluted (1:100, v/v) into icecold lysis buffer [50 mM Tris/HCl, pH 8.0, containing 150 mM NaCl and 1 % (v/v) Triton X-100] supplemented with protease inhibitors. The samples were incubated with Protein A-Sepharose (20 µl/ml) at 4
• C for 1 h. After centrifugation at 5000 g for 5 min, the supernatants were removed and incubated with anti-mICA serum (1:1000) at 4
• C overnight. Serum immune complexes were then precipitated by addition of Protein A-Sepharose at 4
• C for 1 h. The immunoprecipitates were washed four times with lysis buffer, taken up in SDS/PAGE sample buffer containing reductants, boiled for 5 min, and run on SDS/8 % PAGE. After staining with Bio-Rad Bio-Safe Coomassie Blue stain, bands were cut out of the gel and submitted to the Taplin Biological Mass Spectrometry Facility (Harvard Medical School).
Northern-blot analysis
Mouse liver total RNA was isolated from 8-week-old male Trf hpx/+ and Trf hpx/hpx mice using RNA STAT-60 (ISO-TEX Diagnostics) in accordance with the manufacturer's instructions. Tissue blots were probed using either a 585 bp 32 P-labelled fragment containing the mouse mICA ORF (open reading frame; 1-585 bp) or a 587 bp fragment containing the mouse TF ORF (1-87 bp) with mouse β-actin as the loading control.
Preparation of plasmid
The murine homologue of ICA, identified as hypothetical protein LOC71775 [NCBI (National Center for Biotechnology Information) accession number NP 082194] was cloned into the pCMV vector (Stratagene, La Jolla, CA, U.S.A.). For expression in BHK cells, the mICA cDNA was modified to be cloned into the pNUT expression vector [29, 30] as follows: (i) the coding region for the native mICA signal peptide was removed and replaced with the signal peptide and the first four residues of hTF to ensure efficient removal of the signal peptide by the signal peptidase and subsequent secretion from the BHK cells; (ii) a hexahistidine tag followed by the Factor Xa recognition sequence, IEGR, was incorporated 5 of the first codon for Leu 20 of mature mICA; and (iii) NotI sites were incorporated into the 5 -and 3 -ends of the construct. The 5 -end of the mICA construct is shown in Table 2 .
The mICA construct was excised from the pCMV vector via the 5 -and 3 -NotI restriction sites, ligated into the NotIdigested pNUT vector, and propagated in Escherichia coli strain DH5α. The nucleotide sequences of both strands of all constructs were verified by automated DNA sequence analysis using the BigDye Terminator kit and an ABI 3700 DNA sequencer (Applied Biosystems). For transfection into BHK cells, plasmid DNA was purified from DH5α E. coli using an EndoFree Plasmid Maxi kit.
Production and purification of mICA
The transfection, selection and expansion of BHK cells have been described previously [30] [31] [32] . Briefly, transfected Table 2 Oligonucleotide sequence of the 5 -end of the mICA construct
The 5 -end of the mICA construct is shown (mICA residues are denoted with superscript numbers, the reading frame is indicated by spaces, and the NotI site is underlined). ATG  AGG  CTC  GCC  GTG  GGA  GCC  CTG  CTG  GTC  TGC  GCC  GTC  CTA  GGG  CTG  3 -CGCCGGCGTGG  TAC  TCC  GAG  CGG  CAC  CCT  CGG  GAC  GAC  CAG  ACG  CGG  CAG  GAT  CCC  GAC   C  L  A  V  P  D  K  H  H  H  H  H  H  I  E  G  R  L   20   P   21   TGT  CTG  GCT  GTC  CCT  GAT  AAA  CAT  CAT  CAT  CAT  CAT  CAT  ATC  GAG  GGA  AGG  CTT  CCT-3 (sense)  ACA  GAC  CGA  CAG  GGA  CTA  TTT  GTA  GTA  GTA  GTA  GTA  GTA  TAG  CTC  CCT  TCC  GAA  GGA-5 (antisense) BHK cells containing the pNUT vector coding for Nterminal hexahistidine-tagged mICA were grown in DMEM-F12 supplemented with 10 % (v/v) FBS. At ∼ 80 % confluence, the cells were sequentially transferred to T-150 flasks, and then expanded in surface roller bottles. The cell culture medium was collected (200 ml/roller bottle) at 2-3 day intervals. The first three batches contained DMEM-F12 with 10 % FBS to stimulate cell growth and adhesion to the surface and were discarded. Subsequent batches contained the same medium but with the serum substitute, Ultroser G (1 %), in place of FBS. Additionally, butyric acid (1 mM) was included in the medium as previous work showed as much as a 65 % increase in production of recombinant protein in its presence [33] . The batches were pooled and the His-tagged mICA was purified as described in detail for His-tagged hTF and TFR [33, 34] . Briefly, after reduction and exchange using a Millipore spiral wound membrane concentrator fitted with an S1Y10 cartridge and dilution with 5× Qiagen start buffer, the sample in 1× buffer (50 mM Tris/HCl, pH 7.5, containing 300 mM NaCl, 20 mM imidazole, 10 % glycerol and 0.05 % NaN 3 ) was pumped over a Ni-NTA column (1 cm × 10 cm) to specifically isolate the Histagged mICA. The sample from this column was concentrated to < 5 ml and loaded on to a Sephacryl S200HR column (2.6 cm × 60 cm) for final purification and complete exchange into 100 mM NH 4 HCO 3 . The fractions from the peak were pooled and reduced to the appropriate volume to prepare a 15 mg/ml stock solution. Purity was verified by SDS/10 % PAGE.
Western-blot analysis of recombinant mICA
To monitor production of recombinant mICA, an aliquot from each collection (5 µl) was loaded on to an SDS/PAGE gel. Following electrophoretic transfer on to a nitrocellulose membrane, the membrane was washed, blocked with 1 % BSA, incubated in a solution containing HisProbe-HRP (a nickel activated derivative of HRP) at 25
• C for 1 h and visualized by chemiluminescent detection.
Determination of molar absorption coefficient (ε)
Molar absorption coefficients for CA and recombinant mICA were calculated by the method of Pace et al. [35] , which is based on the amino acid composition. For CA, the calculated ε 280 of a 0.1 % solution is 1.74 compared with 1.9 reported previously (i.e. within 8 %) [36] ; a 0.1 % solution of recombinant mICA has an ε 280 of 1.1. In both cases the calculated estimates were used since they provided a reasonable estimate of the concentrations.
Analysis by MS
Samples of CA, recombinant mICA, recombinant mICA postiron titration, and the CA-mICA complex were evaluated by ESI (electrospray ionization)-MS under both native and denaturing conditions on a JMS-700 MStation (JEOL) two-sector mass spectrometer equipped with a standard ESI source. Typically, a 10 µM protein solution in 100 mM NH 4 HCO 3 was continuously injected into the source at a flow rate of 3 µl/min. To avoid insource oxidation of the protein ions, the spray needle potential was kept below 1.9 kVa. The acceleration voltage was maintained at 2.8 kV and the nominal resolution was set at 1000. All spectra were recorded by scanning the magnet at a rate of 5 s/decade. Typically, 80-180 scans were averaged for each spectrum to ensure an adequate signal-to-noise ratio. Protein denaturation was carried out with 50 % (v/v) methanol and 3 % (v/v) acetic acid.
Iron removal and iron titration
Solutions of hTF-NG (non-glycosylated recombinant iron-containing human serum TF) and recombinant mICA (both with N-terminal hexahistidine tags) were placed in Centricon 30 microconcentrators with 2 ml of iron removal buffer (0.5 M sodium acetate, pH 4.9, containing 1 mM EDTA/1 mM NTA) and reduced to < 0.1 ml. Addition of 2 ml of 100 mM sodium perchlorate removed any residual chelator. The samples were washed (four times) with 100 mM KCl and then exchanged (five times) into 10 mM NaHCO 3 . Apoprotein (∼ 10 µM) was placed into a stirred cuvette and steady-state tryptophan fluorescence spectra were obtained using a Quantamaster spectrofluorimeter (Photon Technology International, South Brunswick, NJ, U.S.A.) equipped with a 75 W xenon arc lamp excitation source, excitation/emission monochromators, and a WG-320 nm cut-off emission filter. Samples were excited at 280 nm and emission scans were collected (305-400 nm) using slit widths of 0.5 nm (excitation) and 1 nm (emission) respectively. All spectra were corrected for Raman scattering and background fluorescence by subtraction of the appropriate buffer blank. A solution of 5 mM Fe(III)-NTA 2 was freshly prepared from stocks of 25 mM ferrous ammonium sulfate in 10 mM HCl and 100 mM disodium NTA. Aliquots of 2 µl of Fe(III)-NTA 2 were added to the cuvette and scans were collected 10 min after each addition. Titration continued until there was no further change in the fluorescent signal.
Enzymatic assay of CA and mICA
A protocol from Sigma's Technical Service Department and posted at http://www.sigmaaldrich.com/img/assets/18220/ Carbonic Anhydrase Titrimetric.pdf was used to measure the activity of the CA. It is an adaptation of one described by Wilbur and Anderson [37] . All solutions were stored at 4
• C until use. Tris sulfate buffer (20 mM) was prepared by addition of Trizma base to 200 ml of water, and adjustment to pH 8.3 with 100 mM sulfuric acid. Solutions of both CA (34.5 µM) and recombinant mICA (12.5 µM) were prepared in water. Prior to beginning the (E) Mouse sera were treated with PNGase F or O-glycosidase as described in the Experimental section and probed with anti-mouse TF or anti-mICA serum respectively. As confirmed by MS analysis, the lower band (indicated by an asterisk) is albumin. assay, CO 2 was bubbled through 100 ml of water at 4
• C in a 150 ml bottle for 1 h (CA substrate). The bottle was capped and left at 4
• C for 20 min prior to use. To conduct the assay, 3 ml of buffer and 2 ml of substrate solution were added to a 6 ml scintillation vial at 4
• C containing a micro stir bar with a hole bored in the cap of the vial large enough to hold a pH meter microelectrode. Immediately after the buffer and substrate were mixed, a pH electrode was inserted into the vial, and the experiment began. The time required for the pH of the mixture to decrease from ∼ 8.3 to 6.3 was recorded until three trials were within 15 s of each other. Although the protocol indicated that the blank should be in the 70 -100 s range, we typically recorded values of 60-70 s. For the enzyme assay, an aliquot of CA solution was added to the buffer/substrate mixture in place of the water (final concentration 38 nM). To test for inhibition, premixed CA-mICA in a 1:1 stoichiometry was added. Additionally, the effect of adding mICA alone was measured.
RESULTS AND DISCUSSION
Identification of putative mICA
Grant et al. [38] undertook a QTL (quantitative trait loci) analysis of two mouse strains, C57BL/6J (low iron) and SWR mice (high iron), due to significant differences in the level of non-haem iron that exist between them. They reported a locus on chromosome 9 that was highly significant (P < 0.01) for spleen iron loading. Although gene array and real-time PCR analyses failed to detect any difference in the expression of TF in liver or spleen and there were no measurable differences in the serum level of TF, both iron levels and TF saturation differed in the two mouse strains. Unlike mouse TF, which shows no differences in the coding region in different mouse strains, this upstream gene has a cDNA polymorphism between the strains (107 C > T) corresponding to a change in amino acid 36 from threonine (C57BL/6J, C57BL/10J) to isoleucine (SWR/J). Additionally, there is an increase in the level of mRNA in the spleen of SWR mice compared with C57BL/6J mice [38] . In a search for genes that could play a role in iron homoeostasis in mice, we identified a gene (1300017J02Rik) just upstream of the gene coding for murine TF that had been previously identified, but never characterized. Since the translated protein is 72 % similar to the amino acid sequence of the pICA, this gene was proposed to encode the mouse equivalent of pICA [38] . This gene was thus considered as a strong candidate for a mouse spleen iron loading QTL.
To study the expression of the murine gene, a polyclonal antibody was raised to a peptide from the N-terminal portion of this protein (residues 64-78, hTF numbering) ( Table 1) . Western blotting of serum from control mice revealed the presence of two bands, one corresponding to the predicted mass of mICA, and another running just below it ( Figure 1A) . Importantly, this antibody does not cross-react with either mouse or hTF ( Figure 1B) as might be predicted from the sequence differences in the peptide to which the antibody was raised (Table 1) . Western blots of 50 µg of tissue from 8-week-old mice ( Figure 1D ) showed substantial amounts of the immunoreactive upper band in lung, spleen, kidney, liver, colon, pancreas and testes with smaller amounts in brain, skeletal muscle, heart and duodenum. Interestingly, immunoreactive material is observed at a higher mass in brain tissue although the significance of this observation is unknown. The apparent wide distribution of this protein is very interesting. In immunohistological studies of pig tissues, pICA was confined to the liver sinusoids and kidney glomeruli, with no evidence of its presence in lung, heart, muscle or eye [5] . The upper band was sensitive to treatment with an Nglycosidase, but not an O-glycosidase, showing that it contains one or more N-linked glycosylation sites ( Figure 1E ). Following immunoprecipitation and gel electrophoresis, the lower band was identified by MS as albumin (an apparent contaminant probably due to its abundance in plasma). This finding is consistent with early work on oTF, which was originally named conalbumin because it stayed bound to albumin during isolation from hen'segg white [39, 40] .
Level of mICA in mouse models
Because of the homology to TF and the proximity of the two genes, the possibility that the putative mICA might play a role in iron homoeostasis was evaluated. A number of transgenic mice including Rag1 −/− , β2m −/− and Hfe −/− , accumulate substantial amounts of iron in various tissues. Serum samples were collected from experimental mice carrying these mutations and from age-and sex-matched control mice. Western blotting showed no change in either mICA or mTF from these mice (Figures 2A-2C) . Additionally, experimentally induced iron overload (iron dextran for 2 weeks) did not lead to any alteration in the serum level of mICA (results not shown). Likewise, sera from iron-deficient mouse models, including Dmt1 mk/mk , Sec1511 hbd/hbd and ceruloplasmin-deficient mice revealed no change in mICA (results not shown). Although serum iron concentrations decreased significantly 24 h after injection of 8-week-old female 129S6/SvEvTac wild-type mice with 5 µg of lipopolysaccharide, levels of serum mICA and TF remained unaltered (results not shown).
Trf hpx/hpx mice have a single point mutation in the mTF gene [23] resulting in a circulating level that is ∼ 1 % of normal. The mice are born alive but die from severe anaemia if they are not treated with exogenous TF or transfused with RBCs during the first week after birth. Therefore these mice provide a good model for determining whether mICA has any role in iron regulation. No differences were found in the level of mICA in the serum of the Trf hpx/hpx animals ( Figure 2D ). Additionally, Northern blots clearly show that, in contrast with the mouse TF mRNA, the level of mRNA for mICA from the liver did not change ( Figure 2E) . Cumulatively, these studies appear to rule out a role for the mICA gene product in iron regulation. However, since the level of mouse TF varies relatively little in the various mouse models (except in Trf hpx/hpx ), a small possibility remained that mICA could influence iron metabolism. To allow further investigation, we used BHK cells to express substantial amounts of recombinant mICA and purified the secreted protein to homogeneity.
Production of mICA
Culture medium (5 µl) from BHK cells secreting the recombinant hexahistidine-tagged putative mICA was probed for the presence of the tag by Western-blot analysis. As expected, each successive collection contained an increasing amount of recombinant mICA (results not shown). Importantly, the recombinant mICA is recognized by the antiserum raised to the 15-amino-acid peptide ( Table 1) . As little as 30 ng of recombinant protein elicited a strong signal on a Western blot (see Supplementary  Figure 1 at http://www.BiochemJ.org/bj/406/bj4060085add.htm). The antibody also gives a robust signal to rat serum, but no specific signal was observed in pig or human serum (as might be predicted from the lack of sequence conservation in the peptide shown in Table 1 ). Following final purification, the total amount of N-His mICA originally produced was estimated to be ∼ 60 mg/l in one run and 21 mg/l in a second run. This approximation is based on a final recovery of 60 % of the original recombinant mICA The spectra represent CA (top trace), mICA (middle trace) and mICA-CA complex (bottom trace) acquired under near-native conditions. The inset shows peak shapes of protein ions desorbed from an Fe-NTA saturated mICA solution in ESI mass spectra acquired under mild (grey) and strong (black) desolvation in the ESI interface.
[33]. The amount of recombinant mICA produced in the BHK cell expression system is considerably more than the 5 mg/l of pICA achieved using a yeast (Pichia pastoris) expression system [4] .
CA-mICA complex formation
Application of a mixture of bovine CA (excess) and mICA to an S200HR column resulted in a chromatogram with two peaks. The profile, and evaluation of the pooled fractions by SDS/PAGE, was consistent with identification of a complex of CA-mICA (in an apparent 1:1 stoichiometry) in the first peak and free CA in the second peak (shown in Supplementary Figure 2 at http://www.BiochemJ.org/bj/406/bj4060085add.htm).
MS analyses
As shown in Table 2 , MS analyses of the CA and mICA samples were carried out under both denaturing and native conditions. The experimental masses obtained for CA differed by less than 0.02 % from the calculated masses. Three major species were found in the CA samples under near-native conditions. A low-molecular-mass species (8563 Da) indicated as 'A' in Table 4 was a contaminant of unknown identity, while two other species were identified as CA bound to a Zn atom, as well as a ternary complex formed by CA, a Zn atom and a haem group (Figure 3, upper trace) . We note that the solution of CA had a reddish tinge that was not eliminated by passage over a gel-filtration column. A Soret band at A 410 (absorbance; consistent with the presence of haem) was observed in a scan of a solution of CA (results not shown). Since the CA was isolated from bovine RBCs, the presence of a small amount of residual haem is not surprising. Analysis of the recombinant mICA revealed that under denaturing conditions a difference of 4000 Da was found between the experimental and calculated masses (Table 4) . This is attributed to the presence of two N-linked carbohydrate moieties. There are two potential linkage sites in the mICA sequence: NQT at position 470 -472 and NKT at position 645-647. The ESI-MS analysis of pICA isolated from plasma gave a value of 79036 Da + − 13 of which ∼ 3000 Da is attributed to one N-linked carbohydrate (NQT at position 472 -474) [41] . Attempts to detect the presence of Fe-NTA bound to mICA after Apoprotein was excited at 280 nm and scanned (300 and 400 nm). Aliquots of Fe(III)-NTA 2 were added until no further change in the signal was observed, i.e. in the case of the hTF sample until the protein was completely iron-saturated. An equivalent amount was added to the ICA sample.
titration were not conclusive due to extensive adduct formation, which led to noticeable peak broadening and did not allow ionic masses to be measured with the desired degree of accuracy (see inset in Figure 3) . Analysis of the CA-mICA complex indicated the presence of both species at 1:1 stoichiometry. The CA-mICA complex remained intact in the gas phase even under conditions that normally result in dissociation of non-covalent complexes (elevated energy of collisions between the complex ions and residual solvent molecules in the ESI interface). This suggests very strong electrostatically driven binding of the two proteins, consistent with the work of Wuebbens et al. [4] in which it was reported that pICA binds to human CA(II) with very high (nanomolar) affinity.
Iron titrations
As shown in Figure 4 (A), titration of apo-N-His-hTF-NG with Fe(III)-NTA 2 leads to significant quenching of the intrinsic tryptophan fluorescent signal (75 % reduction). This is ascribed to energy transfer to an absorption band created by metal tyrosine interaction [42, 43] . Monitoring by fluorescence provides a sensitive and definitive signature of specific iron binding. As shown in Figure 4 (B), addition of an equivalent saturating amount of Fe(III)-NTA 2 produced a minimal change in the intrinsic signal (∼ 12 % decrease). These results indicate that although mICA has 58 % similarity to murine TF, it does not specifically bind iron. As shown in Table 3 , mICA is missing one of the two tyrosine ligands, and also the arginine residue that stabilizes the synergistic The amino acids shown for hTF are conserved in all serum TFs, oTFs and LTFs [17] . Conserved residues are shown in black and non-conserved residues in grey.
carbonate anion is replaced by a tryptophan residue in its Nterminal half. In the C-terminal half of mICA, the equivalent tyrosine ligand is absent in addition to the histidine ligand and the arginine residue. Our previous studies with recombinant hTF clearly demonstrated that the particular tyrosine ligand at this position in each lobe (replaced by serine in mICA) is absolutely essential to iron binding [13, 44] . Interestingly, mICA has a greater fluorescent intensity (∼ 26 % higher with a maximum that is 7 nm red-shifted compared with hTF) (Figures 4A and 4B ). This is attributed to the extra tryptophan residue at position 124 which is probably relatively solvent-exposed. Assuming that mICA folds in a manner similar to other members of the TF superfamily it would be predicted that the cleft in each lobe would be open since there is no metal binding to keep it closed.
Given the extensive sequence differences in the iron-and anionbinding residues of the N-and C-lobes of the other putative ICAs (including the rat, cow and dog sequences), it appears very likely that the ICAs from these species, like mICA, would be unable to bind iron specifically (Table 3 and Supplementary Figure 4 at http://www.BiochemJ.org/bj/406/bj4060085add.htm). A similar conclusion was reached in the case of pICA [4] although it has the most remaining conserved residues (five of six in the N-lobe). Note that the sequence for the human pseudogene (indicated as human ICA) has a predicted stop codon following Trp 128 (see below).
Enzymatic activity of CA and inhibition by mICA
A simple protocol to analyse the activity of CA was modified to measure the ability of the recombinant mICA to inhibit CA. The assay of CA resulted in a significant decrease in the time required for the decrease in pH demonstrating the presence of functional CA ( Figure 5 ). When CA and recombinant mICA were premixed, the time required for the decrease in pH was restored to the value of the blank, indicating that recombinant mICA inhibited the activity of CA. Furthermore, the time for the pH decrease was similar to the blank when mICA was assayed alone, indicating that it had no significant effect on the rate of the pH decrease.
Evolution of ICA
One very intriguing aspect of ICA biology is the apparent absence of a functional transcript in primates (specifically, humans and chimpanzees) or in avian species [4] [5] [6] . This is especially interesting considering the abundance of ICA (∼ 1 µM) in the sera of the species in which it is found. Previously, GenBank ® listed a transcript and partial protein sequence at the ICA locus in humans (annotated as XP 293486.1, similar to RIKEN Addition of CA drastically reduced the time required for the pH decrease compared with the assay blank. Mixing of CA and mICA in a 1:1 stoichiometry before addition to the reaction mixture restored the time to the baseline level. As indicated, mICA alone had no effect.
cDNA 1300017J02, now removed). Using GeneWise2 [45] at the European Bioinformatics Institute website, analysis of DNA from the region between TF and TOPBP1 [topoisomerase (DNA) IIbinding protein 1] revealed that both the human and chimpanzee genomes contain remnant ICA sequences with multiple stop codons, the first occurring at a position equivalent to Trp 128 in the hTF sequence. The partial human sequence is aligned against other TF, ICA and mTF sequences (Supplementary Figure 4) . Like the chimpanzee (which is not included), the partial human sequence appears to be more closely related to the ICA sequences than to the other TF family members. As shown in Figure 6 , the human sequence clearly segregates with the other ICA sequences. In addition, certain individual amino acids or triads of amino acids are found in the ICA sequences that are not found in other family members. A list of these residues is provided in Supplementary  Figure 3 (http://www.BiochemJ.org/bj/406/bj4060085add.htm); a Figure showing placement of these residues on the apo hTF scaffold is also included (Supplementary Figure 3) . In the Nlobe there are only two residues that are highly conserved in and unique to ICA. Of interest, both are important in the function of hTF. The first at position 124 is a tryptophan residue instead of the arginine residue which stabilizes the binding of the synergistic anion critical for specific iron binding (see below). The second is a TXA motif in place of KSX found in TF, mTF and LTF. The lysine at position 296 makes up half of a dilysine pair which is essential to efficient iron release from hTF N-lobe [46, 47] . In the C-lobe there are ten residues or motifs unique to ICA. Again the arginine residue at position 456 (equivalent to Arg 124 ) binds the synergistic anion; in the C-lobe of ICA it is mutated to a threonine residue. The conservation and location of the YXM and PAH motifs at the lips of the cleft could have functional significance although this is, of course, completely speculative.
We believe that serum TF and ICA are the result of a tandem duplication event and that genes for both will probably be found in all eutherian mammals. A map of the relevant area of human chromosome 3 and mouse chromosome 9 is presented in Supplementary Figure 5 (http://www.BiochemJ.org/bj/406/ bj4060085add.htm). A search of the newly available genomic databases for dogs and cows shows that they contain genes that encode both serum TF and ICA (Supplementary Figure 4) . In each case, the location of the putative ICA gene is found in a similar region to the other ICA orthologues (pig, mouse and rat), lying between the serum TF and the TOPB1 genes. Although the equivalent region is lacking detail in the cow, it is clearly seen in the dog. Unfortunately, Ensembl annotates dog TF and another gene, the SRPRB (signal recognition particle receptor B subunit), as fused, which is clearly not correct.
Function of ICA
On an evolutionary time scale, the ICA sequences appear to be a relatively recent addition to the TF superfamily [16, 48] ; the ICA gene is not present in marsupials, monotremes, avians † Unidentified species found in the sample.
or fish [48] . For reasons that are unknown, ICA has become inactive in primates, but more sequences are needed to confirm that this observation is true in all primate species. The loss of a 'functional' ICA gene may be an example of the phenomenon termed 'pseudogenization', in which loss of function confers some kind of selective advantage [49, 50] . The question is whether the ability of ICA to inhibit CA in some species is 'coincidental' and/or the only function of this protein [5] . As suggested earlier, ICA could have a transport function assuring efficient recovery of zinc from CA [5] . We note that the search for the function of mTF has been long and difficult. Over the years, many suggestions have been made and refuted (described in detail in [22] ). As also seen for the LTF −/− mouse, mTF −/− mice showed no phenotype [21, 51] . Only after microarray analysis of the mTF −/− mice, in conjunction with gene silencing in a melanoma cell line, was it possible to suggest that mTF plays a role in proliferation and tumorigenesis (although the mechanism remains obscure) [22] . As with mTF it may be more of a challenge to determine what ICA does than what it does not do. The wide distribution of ICA in mouse tissues ( Figure 1D ) is of interest. Clearly more studies are needed to clarify its precise role and explain its apparent inactivation in some species including human.
A final curious aspect of the TF/ICA story is that both of these proteins directly or indirectly involve carbonate. In TF, carbonate serves as the synergistic anion that is essential for high-affinity iron binding; in its absence iron becomes hydrolysed and is unable to bind [52] . The carbonate anion in each lobe of TF is stabilized by highly conserved arginine and threonine residues ( Table 4) . As mentioned above in ICA, the conserved arginine residue is replaced by a tryptophan residue in the N-lobe and threonine in the C-lobe. The tryptophan substitution, in particular, seems unlikely to allow interaction with a carbonate anion further preventing the specific binding of iron in this lobe.
In summary, the focus of the present study was to determine whether the mouse equivalent of pICA has any role in iron homoeostasis either as a modifier of genes involved in iron regulation or by direct binding of iron. Our results show that neither appears to be the case; mICA has no ability to specifically bind iron and protein expression levels do not appear to change as a result of iron status. 
